INTRODUCTION
Extracellular purines, such as adenosine (Ado) and adenosine 5'-triphosphate (ATP), have been known to mediate or modulate neurotransmission in the peripheral and central nervous system [1] [2] [3] [4] [5] [6] [7] [8] . Two types of purinergic receptors for Ado and ATP are now widely recognized as A1 (or P1) and P2 receptors, respectively, in central neurons [9] . The activation of presynaptic Al receptors inhibits the release of various neurotransmitters, including glutamate [10, 11] , acetylcholine [12, 13] and norepinephrine (NE) [12] [13] [14] in central neurons. The activation of presynaptic ATP receptors also modulates neurotransmitter
Received for publication January 20, 2004 [17] [18] [19] [20] . The LC has been considered to play an important role in the global brain functions, such as vigilance, attention, anxiety and mediation of stress response [19, [21] [22] [23] [24] [25] . Ado, as a homeostatic sleep factor, has been reported to regulate the increased propensity to sleep after an increased duration of wakefulness [26] [27] [28] [29] . Modulation of noradrenergic neuron activity in the LC by Ado and ATP is involved in arousal, selective attention, response to stress and innervation of the cerebral vasculature [18, 19] . A recent study has shown that ATP is coreleased with NE and modulates the release of NE in the rat LC [30] . Electrophysiological studies have shown that Ado produces a hyperpolarization of the cell somata and, in consequence, a decrease in spontaneous firing activity in the LC [31, 32] via A, receptor [33] . In contrast, ATP has been shown to increase the frequency of spontaneous action potentials in LC neurons [34] , depolarizing LC neurons via P2x receptors [35, 36] . However, the effects of ATP and Ado on synaptic transmission in the rat LC have not been clarified at present. The aim of the present study was to examine the effects of Ado and ATP on the excitatory and inhibitory postsynaptic responses in LC neurons, in vitro. A preliminary account of portions of the present study has appeared an abstract form [37] .
MATERIALS AND METHODS
Brain slices containing the LC were obtained from rats in a manner described previously [38] . [41] [42] [43] [44] . It has been shown that low concentrations of ADAC, an A, receptor agonist [45] , can efficiently protect hippocampal neurons against cerebral ischemia without producing cardiovascular side effects [45, 46] . The present work was made to examine whether ADAC modulates the membrane potential like Ado and CPA in rat LC neurons. Figure 1C shows an example of these experiments. Bath-application of ADAC (30 uM Focal electrical stimulation of the pericoerulear regions evokes biphasic synaptic potentials, consisting of early depolarizing excitatory postsynaptic potential (EPSP) and late hyperpolarizing components, inhibitory postsynaptic potentials (IPSPs) in central noradrenergic neurones of the LC (Fig. 3B) . It has been found that the EPSP is due to the release of glutamate from afferent fibers predominantly onto non-N-methyl-D-aspartate (non-NMDA) receptors and of y-aminobutyric acid (GABA) onto GABAA receptors [47, 48] . A smaller part of the EPSP is glycine-mediated [48] . The IPSP is due to the release of NE onto a 2 adrenoceptors of the LC neurons themselves from either recurrent axon collaterals or afferent fibres originating in the nucleus paragigantocellularis [48, 49] . Figure 3B shows the effect of The present study clearly showed that Ado caused a hyperpolarizing response in LC neurons. The effect of Ado on the membrane potential of LC neurons was mimicked by CPA and ADAC, agonists for the ƒ¿, adenosine receptor. The firing rate of spontaneous action potentials was markedly depressed by Ado and A1 receptor agonists. A previous study showed that the Ado-induced hyperpolarization was followed by a depolarizing response associated with an increase of spike activity in hippocampal CAl pyramidal neurons [50] . The authors proposed that the excitation was not a rebound of neuronal activity but was mediated by A2 adenosine receptors, because the A2 adenosine-receptor agonist, CGS21680, showed an excitatory effect on hippocampal pyramidal cells [51] . In LC neurons, however, the hyperpolarizations induced by Ado, CPA and ADAC, were not followed by a depolarization in any of the neurons tested. These results suggest that the postsynaptic membrane of LC neurons is mainly endowed by Al receptors. The Ado-induced hyperpolarization was associated with a decrease in input resistance and reversed polarity near the EK. Although the present study did not examine the properties of K+ channels for the Ado-induced hyperpolarization, the Al receptor has been reported to be coupled to inwardly rectifying K+ current in LC neurons [52] . Many studies previously reported neuroprotective properties of Ado in ischemic/hypoxic or epileptic conditions by reducing neuronal activity through activation of Al receptors [41, 43, 44] . These neuroprotective effects are thought to be related to the inhibition of the release of excitatory amino acids and subsequent reduction of the function of NMDA receptors [12, 60] . However, the potential therapeutic use of A, receptor agonists is particularly impaired by severe cardiovascular side effects [42] . Recent studies have revealed that low concentrations of ADAC can efficiently protect hippocampal neurons against cerebral ischemia [46] and, in an animal model of neurotoxicity, against striatal degeneration as well as motor disabilities [61, 62] ATP is a transmitter or modulator in purinergic neurons of various neuronal tissues [6, 73] . ATP is co-released with NE from dendrites or recurrent axon collaterals onto LC neurons [49, 59, 74] , or by adrenaline-containing fibers that enter the nucleus from the region of the nucleus prepositus hypoglossi [75] . Ado is also directly produced by a breakdown of intracellular ATP; the increase in adenosine 5'-monophosphoric acid formed from ATP and its subsequent dephosphorylation by 5'-nucleotidase to Ado are thought to lead directly to increased Ado release from the cell [76, 77] . The present study showed that ATP depressed the IPSP without significantly affecting the EPSP in LC neurons. Since ATP has been reported to inhibit the release NE from noradrenergic nerve terminals in rat central neurons [78, 79] , ATP may directly contribute, at least in part, to the depression of the IPSP. However, the present study also showed that AMP-PNP, a non-metabolized analogue of ATP, produced only a weak depression of the IPSP as compared with those of ATP in LC neurons. These results suggest that degraded ATP, probably Ado, mainly contributes to the ATP-induced depression of the IPSP in LC neurons. [26] . Ado has a neuroprotective effect against ischemic and traumatic brain damage by inhibiting the release of excitatory amino acids, restraining, in particular, the activation of NMDA receptors [12, 87] . Especially, Al receptor agonists exhibited neuroprotective effects against ischemic/hypoxic or epileptic conditions [41, 43, 44] . In the present study, Ado inhibited neuronal activity of neurons and excitatory synaptic transmission, while ATP depolarizes LC neurons thereby increasing their excitability. We speculate that when LC neurons are exposed to various metabolic stresses, released ATP initially excites LC neurons to send alarm information to other central regions and subsequently, Ado degraded from ATP by ecto-enzyme, inhibits neuronal activity to protect LC neuron against brain damage.
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